We report a systematic study of nuclear matrix elements (NMEs) in neutrinoless double-beta decays with state-of-the-art beyond mean-field covariant density functional theory. The dynamic effects of particle-number and angular-momentum conservations as well as quadrupole shape fluctuations are taken into account with projections and generator coordinate method for both initial and final nuclei. The full relativistic transition operator is adopted to calculate the NMEs which are found to be consistent with the results of previous beyond non-relativistic mean-field calculation based on a Gogny force with the exception of 150 Nd. Our study shows that the total NMEs can be well approximated by the pure axial-vector coupling term, the calculation of which is computationally much cheaper than that of full terms.
Introduction.− The neutrinoless double beta (0νββ ) decay is a process where an even-even nucleus decays into the eveneven neighbor with two neutrons less and two protons more emitting only two electrons. The search of this lepton-numberviolating (LNV) process in atomic nuclei is one of the current main experimental goals in nuclear and particle physics. This LNV process occurs only if the neutrino is a Majorana particle. In particular, several fundamental questions about the nature of a neutrino, such as its absolute mass scale and mass hierarchy, are expected to be answered by combining the results from the measurements of this process and neutrino oscillations [1, 2, 3, 4] . To date, the 0νββ-decay has not been detected except for the controversial claim of detection in 76 Ge by the Heiderlberg-Moscow collaboration [5] that has recently been overruled by the constraints from the cosmology observations [6, 7] and the latest data released by the EXO-200, KamLAND-Zen and GERDA collaborations [8, 9, 10] .
According to the neutrino mass mechanism of exchange light Majorana neutrinos, the inverse of the half-life T 0ν 1/2 of the 0νββ decay process is directly related to the effective Majorana neutrino mass [11, 12, 13] 
where the axial-vector coupling constant g A (0) and the electron mass m e are constants, and the kinematic phase-space factor G 0ν can be determined precisely [14] . An accurate value of the nuclear matrix element (NME) M 0ν is essential for determining the effective neutrino mass m ββ if the decay rate is eventually measured. Although the 0νββ decay has not bee observed yet, the NME can provide a constraint on the upper limit for the effective neutrino mass based on the current data on the lower limit of T 0ν 1/2 . Inversely, together with the constraints on the neutrino mass from other measurements, the NME can provide a lower limit on the half-life of the 0νββ-decay, which serves as a guideline for the development of "next-generation" experiments [15] . In any case, an accurate knowledge of the NME for the 0νββ-decay is therefore very important in nuclear physics, particle physics and cosmology [16, 17, 18, 19, 20, 21] .
The calculation of the NME requires two main ingredients. One is the wave functions of the initial and final states, which have been calculated based on different nuclear models, including configuration-interaction shell model (ISM) [22, 23, 24, 25] , quasi-particle random phase approximation (QRPA) [26, 27, 28, 30, 29, 31] , interacting boson model (IBM) [32] , angular momentum projected Hartree-Fock-Bogoliubov (PHFB) theory based on a schematic Hamiltonian [33] , and the beyond mean-field density functional theory (BMF-DFT) based on a non-relativistic energy density functional (NREDF) Gogny force [34, 35] . Compared with the PHFB, the BMF-DFT includes additional correlations connected with particle number projection, as well as fluctuations in quadrupole shapes [34] and pairing gaps [35] . Another important ingredient is the decay operator, which reflects the mechanism of decay process. All the previous calculations of the NMEs are based on non-relativistic frameworks, which adopt the non-relativistic reduced transition operators derived from charge-changing nuclear current.
In recent years, we have established a beyond mean-field covariant density functional theory (BMF-CDFT), which has been successfully applied to study many interesting phenomena re-lated to nuclear low-lying states [36] . In the present Letter, we report a systematic calculation of nuclear structural properties and the NMEs for the popularly studied 0νββ decay candidate nuclei within this relativistic framework. The full relativistic transition operators derived from the one-body charge-changing nuclear current, together with the ground-state wave functions from the BMF-CDFT [36] are adopted in the calculation of the NMEs. Detailed formulism and a proof-of-principle calculation for the 0νββ decay in 150 Nd have been described in Ref. [37] . The aim of this Letter is to present the systematic calculated results for the NMEs based on a relativistic energy density functional (REDF) and to make a detailed comparison with the previous BMF calculations based on the NREDF of Gogny force [34] . This study sheds some light on the sensitivity of the NMEs to the underlying EDF adopted in the BMF calculations and provides a benchmark for future studies.
Formalism.− In our BMF-CDFT, nuclear many-body wave functions of low-lying states in initial (I) mother or final (F) daughter nuclei are given as linear combinations of particle number N, Z, and angular momentum J projected relativistic mean-field (RMF) plus BCS wave functions |β constrained to have different intrinsic axial deformation β,
where α is a label distinguishing the states with same quantum numbers J, N, and Z. TheP (β) is determined from the minimization of the total energy of the state, which leads to Hill-WheelerGriffin (HWG) equation [38] . The solution of the HWG equation provides the energy spectra and all the information needed for calculating the electric multipole transition strengths in the initial or final nuclei. We note that all the observables are calculated in full model space of occupied single-particle states.
With the ground-state wave functions |0 + I/F of the initial and final nuclei from the BMF-CDFT calculation, the NME M 0ν for the 0νββ-decay can be calculated straightforwardly as follows [18, 37] 
where the nuclear radius R = 1.2A 1/3 is introduced to make the NME dimensionless. E d is the average energy of intermediate states. Substituting the standard expression J † L,µ for the onebody charge-changing nuclear current, one finds that the NME is composed of five terms: vector coupling (VV), axial-vector coupling (AA), interference of the axial-vector and induced pseudoscalar coupling (AP), the induced pseudoscalar coupling (PP), and weak-magnetism coupling (MM) terms, which are related to the products of two current operators J †
with the following forms [37] ,
respectively, where q µ is the momentum transferred from leptons to nucleons, τ − is the isospin lowering operator that changes neutrons into protons, and σ µν = i 2 γ µ , γ ν . Following Ref. [26] , the form factors
and
2 , Λ A = 1.09 GeV, and the masses m N = 0.93827 GeV and m π = 0.13957 GeV for proton and pion, respectively.
Numerical details.− The mean-field wave functions |β in Eq. (2) are generated by the RMF calculation based on the pointcoupling EDF PC-PK1 [39] . Pairing correlations between nucleons are treated with the BCS approximation using a densityindependent δ force V for neutrons and protons, respectively, which were determined by fitting to the neutron and proton average pairing gaps in 150 Nd, 150 Sm provided by the separable finite-range pairing force [40] . These paring strength parameters are kept the same for all the 0νββ candidate nuclei. More details about the BMF-CDFT calculation can be found in Ref. [36] .
In the calculation of the NME M 0ν , closure approximation is adopted with the average energy of intermediate states given by E d = 1.12A 1/2 [11] . All the terms in Eq. (4) are fully incorporated in the relativistic framework. The finitenucleon-size (FNS) correction is taken care of by the momentum dependent form factors in Eq. (4). According to the recent studies based on the unitary correlation operator method (UCOM) [41, 23, 42, 43] , the short range correlation (SRC) has a marginal reduction effect (< 10%) on the NME for light neutrinos. To include it would considerably complicate our computational procedure, and therefore we omit the SRC contribution in the present study. More numerical details about the calculation of the NME within the BMF-CDFT have been introduced in Ref. [37] .
Structural properties of low-lying states.− We first examine the reliability of our BMF-CDFT calculation for the structural properties of the ten pairs of 0νββ decay candidate nuclei 48 136 Xe-Ba, and 150 Nd-Sm, which are compared with the results of the BMF-DFT calculations based on the nonrelativistic Gogny D1S force [34] , and with the data in Fig. 1 . 
The binding energy and charge radius obtained with the pure mean-field CDFT calculation, as well as the available results from the beyond mean-field DFT (GCM+PNAMP) calculation based on the non-relativistic D1S force are given for comparison [34] . The experimental data of binding energy and charge radius are taken from Ref. [44] and Ref. [45] , respectively. The data of B(E2) and E x (2 + 1 ) are taken from the NNDC web site [46] .
A good agreement with the data is found in both relativistic and non-relativistic BMF calculations for all the candidate nuclei except for the doubly closed-subshell nucleus 96 Zr. For this nucleus, the data of high E x (2 + 1 ) and weak B(E2 : 0
indicate the pronounced proton Z = 40 and N = 56 subshells. Actually, the overestimation of the collectivity in 96 Zr is a common problem of most EDF based GCM or collective Hamiltonian calculations [47, 48] . The lowest excited states in 96 Zr are of particle-hole type [49] , the description of which requires the inclusion of noncollective configurations.
The beyond mean-field effects on nuclear binding energy and charge radius can be learnt from the comparison of the BMF-CDFT and CDFT results in Fig. 1 . We define the dynamic correlation energy (DCE) as E CDFT − E(0 Fig. 2 . The Q ββ value of 48 Ca has been reproduced in the non-relativistic calculation but is overestimated in our calculation by about 2.0 MeV after taking into account the DCE, which is 1.6 MeV and 4.8 MeV for 48 Ca and 48 Ti, respectively. We note that in our calculation pairing collapse happens around the spherical configuration of 48 Ca, but not in 48 Ti. Therefore, a smaller DCE is gained in 48 Ca than in 48 Ti, which leads to the overestimation of its Q ββ . However, pairing collapse is avoided in the non-relativistic calculation where the particle number projection has also been carried out before variation in the mean-field calculation. For 76 Ge, on the other hand, the underestimation of the Q ββ might be due to the deficiency of the underlying EDF or the missing of triaxiality, which turns out to be important in the low-lying states [50, 51] . 
with the overlap kernel,
NPZ |β ′ . Since g J α (β)s are orthonormal, they can reflect the dominant configuration of each state. It is seen that the deformations of dominant configurations in the ground state of mother and daughter nuclei are somewhat different, as already discussed in Refs. [34, 37] . This static deformation effect can quench the NME of 0νββ decay significantly in particular for the case where the deforma- Table 1 : The normalized NMEM 0ν for the 0νββ-decay obtained with the particle number projected spherical mean-field configuration (β I = β F = 0) by the PC-PK1 force using both the relativistic and non-relativistic reduced (first-order of q/m p in the one-body current) transition operators. The ratio of the AA term to the total NME, R AA ≡M 0ν AA /M 0ν , the relativistic effect ∆ Rel. ≡ (M 0ν −M 0ν NR )/M 0ν and the ratio of the tensor part to the total NME, R T ≡M Nd-Sm. Moreover, shape fluctuation is shown to be significant in the light 0νββ candidate nuclei, the description of which is impossible with the approaches based on single-reference state [33, 28, 29] . This dynamic deformation effect (or shape mixing effect) could moderate the quenching effect from the static deformation on the NMEs [37] , which is fully taken into account in the present multi-reference BMF-CDFT approach.
Nuclear matrix elements for the 0νββ decay.− In order to show the deformation-dependence of the NME, Table 1 presents the normalized NMEM 0ν (β I , β F ) at spherical shape (β I = β F = 0) for the 0νββ-decay obtained with both the relativistic and non-relativistic reduced transition operators, wherẽ M 0ν is defined as
with
N aP Z a |β a for a = I, F. It is seen that the error arisen from the first-order non-relativistic reduction is marginal, which can either increase or decrease the total NME by a factor within 2%. This value is modified only slightly in the full GCM calculation, for instance becoming ∼ 5% for 150 Nd [37] . The one-body charge-changing nucleon current, Eq. (4), generates not only the Fermi and Gamow-Teller (GT) terms but also tensor terms that have been neglected in the nonrelativistic study [34] . With the help of non-relativistic approximation of the transition operator, one can isolate the contribution of the tensor part [26, 37] , which is obtained by subtracting the contributions of Fermi and GT terms from the total NME. It is shown in Table 1 that the contribution of tensor terms is within 5% of the total NME. Figure 4 displays the normalized NMEM 0ν as a function of the intrinsic quadrupole deformation β I and β F of the mother and daughter nuclei, respectively. Similar to the behavior of the GT part shown in the MR-DFT (D1S) calculation [34] , the normalized NMEM 0ν is concentrated rather symmetrically along the diagonal line β I = β F , implying that the decay between nuclei with different deformation is strongly hindered. Moreover, theM 0ν has the largest value at the spherical configuration for most candidate nuclei except for 48 Ca-Ti, 96 Zr-Mo, and 136 Xe-Ba. It implies that generally the 0νββ-decay is favored if both nuclei are spherical. The largestM 0ν in 136 Xe-Ba is found around the deformation region with β I = β F ≃ 0.5, at which deformed configuration, pairing energy is peaked in both nuclei due to the very high single-particle level density. However, this configuration (β ≃ 0.5) has a negligible contribution to the final NME of 136 Xe-Ba because its weight is almost zero in the ground-state wave function, cf. Fig. 3 . The interference term of the axial-vector (AA) and pseudoscalar coupling (AP) has an opposite contribution (∼ 30%), which almost cancels out the sum of VV, PP, and MM terms. Of particular interest is that the total NME has a very similar behavior as that of the predominated AA term with the ratio R AA ≃ 95%. Actually, we have found that the deformationdependent NMEs shown in Fig. 4 are also very similar even if we include only the AA term. It indicates that the AA term provides a good approximation for the total NME, Eq. (3). In the non-relativistic approximation, the two-current operator with only the axial-vector coupling term is simplified as
− , the calculation of which is much cheaper than computing the full terms, cf. (4). Similar conclusion can also be made based on the results of QRPA calculation [26] using the non-relativistic reduced operators. Figure 5 (b) displays the NMEs calculated either with pure spherical configuration or with full configurations in the GCM+PNAMP (PC-PK1), in comparison with those of the non-relativistic results [34] . Before comparing the two results, we should point out that in the non-relativistic calculation [34] , the SRC effect was taken into account with the UCOM, while the tensor terms were neglected. These two effects can bring a difference up to ∼ 15% in the NMEs. By taking into account this point, one can draw the conclusion from Fig. 5 (b) that these two calculations give consistent results for the total NMEs for all the candidate nuclei with the exception of 150 Nd.
Moreover, we note that in the calculation with pure spherical configuration, PNP increases significantly the NMEs for the 0νββ-decay evolved with one (semi)magic nucleus, including 48 Ca (127%), 116 Cd (49%), 124 Sn (55%), and 136 Xe (58%), where pairing collapse occurs in either protons or neutrons. The increase in the NMEs by the PNP is mainly through the superfluid partner nucleus. For 48 Ca, pairing collapse is found in both neutrons and protons, leading to about twice enhanced normalized NME than the other three ones. It can be understood from Eq.(6) that the β F = 0|Ô 0νPJ=0PN IP Z I |β I = 0 for 48 Ca-Ti does not change by the PNP, while the normalization factor N F for the daughter nucleus 48 Ti is increased, resulting in the enhanced normalized NME. The comparison of the results of "Sph+PNP (PC-PK1)" and "Sph+PNP (D1S)" in Fig. 5(b) shows a large discrepancy in 100 Mo-Ru and 150 Nd-Sm. This discrepancy could be attributed to different pairing properties. However, after taking into account the static and dynamic deformation effects, which turn out to decrease the NME significantly, the discrepancy in 100 Mo-Ru is much reduced, while that in 150 Nd-Sm remains and is mainly attributed to the difference in the overlap between the initial and final collective wave functions, as already discussed in Ref. [37] . Figure 6 displays our final NMEs for the 0νββ-decay in comparison with those by the ISM [23] , renormalized QRPA (RQRPA) [30] , PHFB [33] , NREDF (D1S) [34] , and the IBM2 [32] . There are also other calculations that are not taken 96 Zr was taken as the pure spherical configuration, the NME becomes 5.64 (PC-PK1) and 3.94 (D1S), respectively. We note that the consideration of higher-order deformation in nuclear wave functions, such as octupole deformation in 150 SmNd [53, 54] , and triaxiality in 76 Ge-Se [50, 51] and 100 MoRu [55] , is expected to hinder the corresponding NMEs further in the DFT calculation. Table 2 lists the upper limits of the effective neutrino mass m ββ based on the present calculated NMEs for the nuclei whose lower limits of the half-life T 0ν 1/2 for the 0νββ-decay have been recently measured [56, 10, 57, 58, 9, 59] . The smallest value (≤ 0.11 eV) for the upper limit m ββ is found based on the combined results from KamLAND-Zen [9] and EXO-200 [8] collaborations for the0νββ-decay half-life (T at 90% confidence level) of 136 Xe. This value is closest to but still larger than the estimated value (20 − 50 meV based on the inverted hierarchy for neutrino masses [19] ) by a factor of 2 − 5.
Summary and outlook.− In summary, we have reported a systematic study of NMEs for the 0νββ-decay candidate nuclei with our BMF-CDFT, where the NMEs have been calculated with the full relativistic transition operators derived from one-body charge-changing nuclear current. The effects of particle number and angular momentum projection as well as the static and dynamic deformations in the nuclear wave functions have been taken into account automatically. The reliability of the nuclear wave functions has been examined by comparing the calculated low-energy structural properties with the corresponding data. The conclusions of the present study are summarized as follows: 1) the NMEs are overall consistent with the non-relativistic calculation results except for the phase transition critical nucleus 150 Nd, indicating that the NMEs are not much sensitive to the underlying energy density functional; 2) The axial-vector coupling (AA) term exhausts about 95% of the total NME, which provides an economical way to calculate the total NME in the future; 3) The relativistic effect turns out to be within 2% and the contribution of tensor terms to the NME is within 5%. The PNP increases significantly the NME for the 0νββ-decay where magic or semi-magic nuclei are evolved. The net effects of static and dynamic deformation turn out to reduce significantly the NME for most candidate nuclei; 4) The smallest upper limit on m ββ (≤ 0.11 eV) has been found based on the latest data on the 0νββ-decay of 136 Xe. Finally, we point out that the effect of higher-order deformation needs to be studied in this framework. Moreover, the quenching effect of two-body currents [60, 61] and enhancement effect of pairing fluctuation [35] on the NME are comparable in size, that is, 10% − 40%. These two effects may not cancel out exactly. The fluctuation effect in proton-neutron pairing amplitude also has influence on the value of NME [62] . Therefore, a more careful study within the BMF-CDFT by taking into account all these effects in a unified way needs to be carried out in the near future.
